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t h e  study of meteors, it i s  not  necessary t o  know t h e  d e t a i l s  o f  a mete- 
o r i t e ' s  geometry. 
are : 

The only two parameters involved i n  t h e  development 

S, t h e  meteorite instantaneous r i g h t  angle c ros s  section, which i s  
involved i n  t h e  eva lua t ion  of t h e  f r i c t i o n  forces ,  and more generally,  i n  
the study of in t e rac t ions  between t h e  meteor i te  and t h e  surrounding air;  
and 

M, t h e  mass of t h e  meteorite,  which i n  p a r t i c u l a r  e n t e r s  i n  the form 
of an i n e r t i a l  force  i n  t h e  determination of t h e  me teo r i t e ' s  motion. W e  
have: M = 6-V, where d i s  t h e  density, and V i s  t h e  volume of t h e  mete- 
o r i t e .  W e  c a l l  t h e  following r a t i o . t h e  "shape factor":  

A = 1.2 f o r  a sphere, it va r i e s  between 1 and 1.7 f o r  a cube, and 
f o r  a prism of normal c ross  sec t ion  having a s ide  a and a length  b, w e  
f i n d  : 

For meteor i tes  of very l a r g e  dimensions (>1 cm), it can be shown 
t h a t  t h e  meteor i tes  undergo an ablation, which tends  t o  m a k e  them spheri-  
c a l  i n  shape (A = 1.2) .  
about one. 

Generally, we can say t h a t  A remains e q u a l  t o  

2. 

2.1 Density 

Hypothesis on t h e  S t ruc ture  of the  Atmosphere 

For a homogeneous and isothermal atmosphere, f o r  which t h e  var ia -  
t i o n s  of t h e  acce lera t ion  of g rav i ty  g wi th  t h e  a l t i t u d e  can be neglected, 
w e  can wr i te :  

where 
( 2 )  

p(z)  = P (0) e -z/H; 

H = '8 = 29.26 T (H i n  meters and T i n  OK)  
hi3 

being t h e  reference height,  p (z) t h e  dens i ty  of a i r  at  e l eva t ion  z, &!, t h e  
mean molar mass of air, and T t h e  temperature. 

The t r u e  atmosphere can always be divided i n t o  ho r i zon ta l  s l i c e s ,  

h s z < h ' ,  
such t h a t  
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with t h e  s i c e s  being taken t h i n  enoug t o  be considered as isothermal. 
W e  can then write f o r  t h e  i n t e r i o r  o f  each s l i ce :  

- - -  

where , 

!,+I 

with Hh, Th and!4% being t h e  values of H, T and i n  t h e  atmospheric 

s l i c e  considered. 

Figure 1 shows t h e  values of T,&, P and H as a func t ion  of t h e  
a l t i t u d e  z (from ARDC, 1959). 
where t h e  meteori te  t r a i n s  form (70 t o  120 km a l t i t u d e ) .  

can be taken as constant i n  t h e  zone 

2.2 Mean Free Path 

For a population of iden t i ca l ,  spherical ,  and pe r fec t ly  e l a s t i c  
molecules, whose speeds follow t h e  Maxwell d i s t r i b u t i o n  (thermal. equ i l ib -  
rium), t h e  mean free path of a molecule i s  ( R e f s .  3, 4 and 32): 

8 where : d = 3.7.10- cm: mean molecular diameter, 

d3= 6.02.10~3 molecules per mole, and 
A = m e a n  molecular mass o 28.9 

The curve of h ( z )  (ARDC 1959) i s  shown i n  Figure 2. 

2.3 T h e m 1  Speeds of t h e  Molecules 

L e t  VT be t h e  r o o t  mean square speed of t h e  air  molecule i n  t h e  un- 

perturbed atmosphere. 

1959). 

The curve of vT(z) i s  shown i n  Figure 2 (ARDC, 

It i s  seen t h a t ,  f o r  zSl40 Inn, vT i s  less than 800 m/sec, approxi- 

mately. Thus, t h e  thermal ve loc i t i e s  of t h e  a i r  molecules are small i n  
comparison with t h e  speeds of most meteorites,  a t  least till t h e  end of 
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t h e i r  v i s i b l e  t r a i n  (we shall later see t h a t  t he  speed of a meteori te  a t  
t h e  end of i t s  v i s i b l e  t r a i n  i s  about 5 km/sec). 

3. Basic Equations f o r  t h e  Motion of t h e  Meteorite 

3.1 Deceleration of t h e  Xeteor i te  

STnce the them-& ~.~elocif_ies sf the  2 5 ~  mcley~lzs  chy be neglect&, 
it i s  convenient t o  treat  t h e  problem of t h e  in t e rac t ion  between t h e  mete- 
o r i t e  and t h e  surrounding air by considering a counter motion of a beam 
of air  molecules encountering a fixed meteorite,  

L e t  v be the  speed of the  meteorite,  S i t s  r i g h t  angle cross  section, 
and p t h e  dens i ty  of air. 
during a time A t  is: 

The mass of air which encounters t h e  meteori te  

I t s  momentum is: 

If a f r a c t i o n  J'of t h i s  momentum i s  imparted t o  the  meteorite,  t he  la t ter  
has, after t h e  co l l i s ion ,  a momentum M(v-LW), from which the  l o s s  of mo- 
mentum MAV i s  given by: 

2 MAV = rSpV A t .  

From t h i s  we obtain the  equation for t he  decelerat ion of  t he  meteorite:  

r i s  cal led t h e  drag coef f ic ien t  o r  coef f ic ien t  of momentum t r ans fe r .  

Note t h a t  ( 5 )  gives t h e  motion of t h e  meteori te  while neglecting t h e  
acce lera t ion  of g rav i ty  Mg. This l a s t  term i s  negl ig ib le  compared wi th  

the  term ESpvc, f o r  s u f f i c i e n t l y  small meteori tes ;  i.e., of dimensions 
less than a millimeter. This i s  s a t i s f i e d  by most na tu ra l  meteori tes .  

3.2 Vaporization of t h e  Meteorite 

The incident  mass of A M '  contr ibutes  an incident  energy: 



L e t  A (CE ec t h e  coef f ic ien t  of energy ,ransfer) be t he  f r a c t i o n  of t h i s  
energy which i s  absorbed by t h e  meteorite. 
2) t h a t  i n  t h e  f i r s t  approximation, most of t h a t  energy i s  used f o r  t h e  
vaporizat2on of a t h i n  f i l m  of t h e  f r o n t a l  surface of t h e  meteorite.  
mass AM of vaporized m a t t e r  i s  therefore:  

It can be shown (Refs. 1 and 

The 

R S p v 3 A t  = - A €  = T F  Q 
where Q i s  the o v e r a l l  hea t  of vaporization per  u n i t  mass of t he  meteor- 
i te .  
i z a t i o n  i s  obtained: 

Af'ter manipulation, t h e  equation f o r  t h e  decrease of m a s s  by vapor- 

- .-- 
I 

i-- .- I 

The c o e f f i c i e n t s  I' and A vary along t h e . t r a j e c t o r y  of t h e  meteorite,  
b u t  t h e i r  va r i a t ions  are smaller than those  of o the r  parameters, such as 
p and v. I n  t h e  first approximation rand A can be considered constant.  

3.3 Rela t ion  Between t h e  Deceleration and t h e  Decrease of Mass 

By d iv id ing  both s i d e s  of  ( 5 )  and ( 6 ) ,  t h e  following r e l a t i o n  i s  
obtained : 

- - 
f v -  d v  (7) 

d?< - I !  - - - v * d v  = 
:.I 2 r q 
. _ -  

t ak ing ,  f o r  t h e  rest of the discussion: 

E. - 
2 r ?  

. -  

4. Ref lec t ion  of  t h e  A i r  Molecules by t h e  Meteorite 

Equations ( 5 ) ,  (6) and (7) are very general, and do not imply any 
hypothesis on t h e  exact mechanisms which lead t o  t h e  dece le ra t ion  and 
vapor iza t ion  of t h e  meteorite. W e  s h a l l  now examine all these  mechanisms. 

W e  s h a l l  f i rs t  study t h e  case where only r e f l e c t i o n  of t h e  air  mole- 
cu les  by t h e  meteorite takes place, with no screening e f f e c t s  present.  
This  means t h a t  each molecule of air of t h e  inc iden t  beam encounters t h e  
meteor i te  without undergoing any in t e rac t ion  wi th  t h e  o ther  a i r  molecules 
(cont ra ry  t o  t h i s ,  t h e  screening e f f e c t  which w e  s h a l l  study i n  Section 5 
c o n s i s t s  of a strong i n t e r a c t i o n  between.the molecules of t h e  inc iden t  
beam and those  of t h e  r e f l e c t e d  beam). 
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W e  s h a l l  therefore  assume t h a t  all t h e  air  molecules which encounter 
t h e  meteor i te  have a speed v. 
c o l l i s i o n ,  a r o o t  mean square speed equal t o  vr. 

They are r e f l e c t e d  and have, after t h e  

W e  c a l l  t h e  following quant i ty  t h e  "accommodation coef f ic ien t" :  - 
v E. - 5 

3.. r 
-T 

= = F , - t  - - 
& 

where Ei i s  t h e  mean k i n e t i c  energy of t h e  inc iden t  molecules; t h e  

mean energy of t h e  r e f l e c t e d  molecules; and E;r t h e  mean energy of  t h e  

of t h e  r e f l e c t e d  molecules, f o r  a Maxwellian d i s t r i b u t i o n  of speeds cor- 
responding t o  a surface temperature T of t h e  meteorite.  W e  have: 

- -_ - 

where vr i s  t h e  r o o t  mean square speed of t h e  r e f l e c t e d  molecules; and 

e i s  t h e  d i s soc ia t ion  energy, o r  exc i t a t ion  energy of t h e  r e f l e c t e d  mole- 
cules.  

The mean k i n e t i c  energy of t he  a i r  molecules v a r i e s  from approxi- 
mately 13 t o  500 ev, when v v a r i e s  from 10 t o  60 km/sec. The study of 
e l e c t r i c  discharges i n  gases (Refs. 2 and 6) shows that t h e  p robab i l i t y  
of e x c i t a t i o n  and ion iza t ion  of t h e  molecules by impact aga ins t  a w a l l  
remains l o w  f o r  energ ies  of a few hundred e l ec t ron  vol ts .  

from which, 
- 

where a represents  approximately the f r a c t i o n  of k i n e t i c  energy l o s t  by 
t h e  a i r  molecule during t h e  co l l i s ion .  

The energy absorbed by t h e  meteorite i s  composed of :  (1) t h e  s t r i p -  
ping energy by impact, and (2) the thermal energy (predominant); hea t ing  
of  t h e  meteorite,  fusion, vaporization, bo i l ing .  
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4.1 Laws of  Diffused Reflection 

Experiments on t h e  impact by molecular  o r  i on ic  beams on so l id  tar- 
get.s have shown t h a t  t hese  p a r t i c l e s  undergo a d i f f u s e  r e f l e c t i o n  ( sca t -  
t e r i n g ) .  The number of sca t te red  molecules per u n i t  so l id  angle, i n  a 
d i r e c t i o n  making an angle 8 with the  normal t o  t h e  surface,  i s  propor- 
t i o n a l  t o  cos 8 .  This i s t h e  l a w  of Knudsen (Ref .  4), and is  analogous t o  
Lambert's l a w  i n  photometry. 

4.2 Calculation of t h e  Accommodation Coeff ic ien t  

The t r a n s f e r  of energy i s  characterized by t h e  c o e f f i c i e n t  a, i n  t h e  
absence of t h e  screen, because of the r e f l e c t e d  molecules (see R e f .  3).  
It depends on: 

(1) 
a i r  and m '  i s  t h e  mass of a molecule of t h e  so l id .  

(2) The inc iden t  k i n e t i c  energy: -mv 

The atoms a t  t h e  surface of the s o l i d  exert repuls ive  fo rces  which 

The r a t i o  m / m l ,  where m i s  t h e  mass of an inc iden t  molecule of 

1 2  
2 

decrease wi th  distance.  
t e n t i a l  s u r f  aces, corresponding t o  high energies,  are roughly spheres 
which are concentric wi th  t h e  nuclei  and have no common point.  
d i s tances ,  t h e  equ ipo ten t i a l  surfaces become one sheet. This sheet be- 
comes a plane when t h e  d i s t ance  increases.  

I n  t h e  neighborhood of these  atoms, t h e  equipo- 

A t  greater 

The c o l l i s i o n  of low energy p a r t i c l e s  ( f o r  example, p a r t i c l e s  having 
thermal speeds of 700 t o  100 m/sec) involves only one equipoten t ia l  sur- 
f ace  of one sheet;  i .e.,  one corresponding t o  t h e  r e s u l t a n t  of t h e  repul- 
s i v e  f o r c e s  from severa l  c lose  atoms. The sum of t h e  masses of those  
atoms which contribute,  during t h e  co l l i s ion ,  t o  t h e  r eac t ion  on t h e  in-  
c ident  molecule i s  genera l ly  much grea te r  than  t h e  mass of t h e  l a t t e r  one. 
I n  t h i s  way, t h e  molecule i s  re f lec ted  (or  reemi t ted)wi th  a weak loss of  
k i n e t i c  energy. On t h e  contrary, however, if t h e  energy of t h e  c o l l i s i o n  
i s  high (with r e spec t  t o  thermal speeds), t h e  inc iden t  p a r t i c l e  pene t r a t e s  
f u r t h e r  i n t o  t h e  atomic l a t t i c e .  
nears  t h e  median plane between the two neighboring atoms. Pilore f requent ly ,  
t h e  p a r t i c l e  i s  reemitted after having undergone one o r  several repuls ions  
from t h e  e l e c t r o n i c  envelopes from one o r  two atoms of t h e  so l id .  I n  t h i s  
second case, s ince  t h e  mass r a t i o  i s  much grea te r ,  t h e  t r a n s f e r  of energy 
from t h e  inc iden t  molecule t o  t h e  solid i s  more important. 

It can be absorbed if i t s  t r a j e c t o r y  

I n  summation, t h e  accommodation c o e f f i c i e n t  ( coe f f i c i en t  of energy 
t r a n s f e r  i n  t h e  absence of a screen) "a" depends e s s e n t i a l l y  upon: (1) 
t h e  atomic mass of t h e  inc ident  p a r t i c l e ;  (2) t h e  mean mass of an atom 
from t h e  so l id ;  and (3) t h e  r e l a t i v e  speed, which determines t h e  number 
of atoms, from t h e  so l id ,  which react on t h e  inc iden t  p a r t i c l e .  
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The coef f ic ien t  a i s  calculated by t r e a t i n g  t h e  problem of c o l l i s i o n  
between p a r t i c l e s .  I n  pa r t i cu la r ,  t h e  simple model of t h e  c e n t r a l  f o r c e  
and completely e l a s t i c  c o l l i s i o n  i s  attacked i n  Reference 2. More de- 
tallec? so lu t ions  of &her m d e l s  a r e  fmnd  i n  References 5 and 6. 
t h a t  a depends on two o the r  f ac to r s :  
c o l l i s i o n ,  and (2) t h e  surface roughness. 

Note 
(1) t h e  angle of incidence of t h e  

a) Stony Meteorites 

Their composition i s  a m i x t u r e  of i r o n  and manganese s i l i c a t e s ,  
i ron ,  aluminum and calcium oxides. The mean atomic m a s s  i s  of t h e  same 
order  of magnitude as, o r  perhaps even smaller than, t h a t  of air: m '  S m .  
The mean composition of a stony meteorite i s  given i n  T a b l e  1 (Ref .  2). 
The mean atomic mass i s  deduced f o r t h e  s o l i d  phase; namely, 23. The 
mean molar mass of a i r  varies from 29 t o  26 a t  an a l t i t u d e  of between 0 
and 200 km (ARDC, 1959). 
( R e f .  12) a mean value f o r  a i s  0.924 ( f o r  v = 33 km/sec and normal i n c i -  
dence). 

From t h e  measurements of Van Voorhis and Compton 

Levin ( R e f .  1) gives t h e  values: 

a = 0.96 f o r  v = 15 km/sec 
a = 0.99 f o r  v = 50 km/sec 

I n  sumat ion ,  t h e  molecules of a i r  impart a l l  t h e i r  k i n e t i c  energy 
t o  t h e  meteor during t h e  c o l l i s i o n .  
i s  r e l a t i v e l y  low (i.e.,  of t h e  order of 3 t o  6 Im/sec) when v v a r i e s  
from 10 t o  60 km/sec. 

The speed of t h e  reemitted p a r t i c l e s  

5)  Iron ?4etezrltes 

I r o n  meteor i tes  are composed of i r o n  + nickel,  w i th  t h e  percent of 
n i cke l  varying between 5 and 50 percent, with an average of 9 percent. 
The atomic m a s s  of i r o n  i s  56, and of n i c k e l  it i s  58.7. 
t h e  case of m < m ' .  Van Voorhis and Compton ( R e f .  12) g ive  a = 0.650 ( f o r  
normal incidence and v 8: 35 km/sec). 
(Ref.  1) are s l i g h t l y  higher: 

This is  c l e a r l y  

The values calculated by Levin 

f o r  & = 29 ( t o  wi th in  1 percent, from 0 t o  120 km) 
f o r &  = 24 ( z  = 250 km) 

a = 0.79 
a = 0.74 

We s h a l l  t ake  an average f o r  a = 0.75. 

Thus t h e  a i r  molecules transfer 75 percent of t h e i r  energy t o  t h e  
i r o n  meteorite.  
c ident  p a r t i c l e .  

The speed a f t e r  r e f l e c t i o n  i s  h a l f  t h e  speed of t h e  i n -  



4.4 Di s t r ibu t ion  of t h e  Energy 

I n  t h e  absence of a screen, t he  k i n e t i c  energy l o s t  by t h e  a i r  mole- 
cule i s  completely t ransfer red  t o  the  meteorjte.  We t .herefore ha-re: 

5. Screen EPfect 

W e  say t h a t  t h e r e  i s  a screen e f f e c t  if there i s  a c o l l i s i o n  i n t e r -  
a c t i o n  between t h e  inc ident  a i r  molecules and those which are r e f l e c t e d  
by t h e  meteorite.  This e f f e c t  becomes g r e a t e r  as t h e  f l u x  of t h e  i n c i -  
dent  and r e f l e c t e d  molecules becomes more in tense .  
i nc reases  with: (1) t h e  product pv,  which represents  t h e  flux of i n c i -  
dent  molecules; and (2) t h e  s i z e  of t h e  meteorite,  which conditions t h e  
f l u x  of r e f l e c t e d  molecules. 

Therefore, t h e  e f f e c t  

Suppose t h a t  a beam of molecules moves toward a meteorite, which f o r  
s impl i f i ca t ion  w e  s h a l l  assume t o  be a c i rcu lar -p lane  t a r g e t .  Consider 
a molecule which i s  j u s t  r e f l ec t ed  a t  a po in t  on t h i s  t a r g e t  and loca ted  
a t  a d i s t ance  r from i t s  center.  If w e  suppose t h a t  t h e  molecules are 
r e f l e c t e d  according t o  Knudsen's l a w  (Section 4.1) it can be shown ( R e f .  
1) t h a t  t h e  mean free path h ( r )  of t h i s  r e f l ec t ed  molecule, i n s ide  t h e  
beam of  inc ident  molecules, i s  given by: 

x(0) = ai 

where R i s  t h e  r a d i u s  of  t h e  r i g h t  angle cross sec t ion ,  and E(+, k )  i s  an 
e l l i p t i c  i n t e g r a l  of t h e  second kind. 
= O . & h ( O )  = 1.28 R. The mean value of h ( r ) ,  .as calculated f o r  t h e  whole 
f r o n t a l  surface, i s  

I n  pa r t i cu la r ,  f o r  r = R, X(R) = 

16 
= -R 3% t1.7 

I n  t h e  first approximation, w e  can say 
f l e e t e d  by t h e  t a r g e t  and having a speed vr 

mains i n  f r o n t  of t h e  t a r g e t  surface during 

x e = -  
vr 

R 

t h a t  a molecule of a i r  re- 
and a mean free pa th  h re- 

a t i m e :  

K- '.- -- -- 



10 

c 2 If 1 cm 

are an average of NrB re f lec ted  molecules i n  f r o n t  of t h e  t a r g e t .  

of t h e  t a r g e t  surface r e f l e c t s  Nr molecules per  second, t h e r e  

These 

fop- 2 screen, whose t o t a l  surface area per u n i t  of t a r g e t  sur face  area 
is: 

Z = NrB*zd 2 

ghere d Fs t h e  mean molecular diameter (d z 3.70lO-~cm). F r o m  (10) and 
(11) : 

The p robab i l i t y  t h a t  a molecule i s  not stopped by t h i s  screen is: 

This  i s  i n  f a c t  an approximate evaluation. I n  r e a l i t y ,  t h e  p robab i l i t y  
that an inc ident  molecule w i l l  cross t h e  screen without being s t o p p d  by 
the zetew2tte (which we s h a l l  c a l l  t h e  transparency c o e f f i c i e n t  f o r  t h e  
screen, and designate by a) i s  grea te r  than t h e  p(Nr) given by (13). I n  

f a c t ,  after a c o l l i s i o n  i n  t h e  v i c i n i t y  of t h e  meteorite t h e  inc ident  
molecule can reach t h e  meteorite even though it i s  de f l ec t ed  from i t s  
t r a j e c t o r y ,  and t h e  r e f l e c t e d  molecule can again be r e f l e c t e d  back t o  
t h e  meteorite.  
&-<e an  expression of t h e  form: 

It can be sham +,ha% the transparency c o e f f i c i e n t  a m!st 

- gz a = e  

where f3 i s  a c o e f f i c i e n t  less than  one. 

The number N, of r e f l e c t e d  molecules i s  given i n  the s teady  state 
regime by: 

Nr = mi = e, 
where N = e i s  t h e  number dens i ty  of  inc ident  molecules i n  f r o n t  of t h e  

screen. 
t i o n  f o r  a: 

m 
Eliminating Z and Nr from (12), (14) and (l?), w e  g e t  t h e  equa- 
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where 

1 
=?&& 

i s  t h e  mean free path i n  free atmosphere. 
t o  1, we rep lace  (16) by t h e  approximate equation: 

If t h e  transparency a i s  c lose  

. .  
Rov * 

16 f j - -  F ? v  = -  16 n d 2  
x ovr r 3a $7 m 1 - a =  

a )  Stony Meteorites. Take B = 0.2 (Ref .  L), cc- 1, vr = 3 km/sec 

( R e f .  1). 
ample 1 - a < 0.1. 

W e  s h a l l  a d m i t  t h a t  t h e  screen e f f e c t  i s  neg l ig ib l e  if f o r  ex- 
For th i s  t o  be f u l f i l l e d ,  and from (l7), we m u s t  have: 

Table  2 gives, as a f'unction of R and v, t h e  a l t i t u d e s  %in above whlch 

t h e  screen e f f e c t  by t h e  reemitted a i r  molecules i s  negligible'. 

b )  I r o n  Meteorites. The a i r  molecules are reemitted wi th  greater 
speeds than f o r  stony meteorites.  

screen e f f e c t  here. 
come: 

We m u s t  t he re fo re  expect a w e a k e r  

From (9) vr = v m .  Equations (16) and (17) be- 

Take f o r  example f3 = 0.2 and a = 0.75. 
(R/&) Table 3 gives, as a func t ion  of R, t h e  

a l t i t u d e s  %in above which t h e  screen e f f e c t  i s  neg l ig ib l e  (&,(z) from 

ARDC, 1959). The a l t i t u d e s  a t  which t h e  v i s i b l e  meteors make t h e i r  ap- 
pearance 
vary  roughly from 80 t o  90 km f o r  speeds less than  25 km/sec (region of 

To have 1 - a < 0.1, w e  must have 
0.21, o r  z > %in(R) .  

( i n  o the r  words t h e  a l t i t u d e s  of t h e  start of  vaporization) 

h O ( z )  from ARDC, 1959. 
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low speeds), and from 115 t o  125 km f o r  speeds g r e a t e r  than  40 t o  45 
km/sec (region of high speeds). 

Conclusion I 
The screen r e s u l t i n g  f r o m t h e  reemitted air molecules i s  weak before 

t h e  start of  vaporization f o r  mi l l imet r ic  o r  lesser stony meteorites;  i n  
o t h e r  words, f o r  most ~ z t z r d  ~ ~ e t e c r i t e s .  
t h e r e f o r e  be applied t o  these  meteorites. 

!%e resuiis of Section 4 can I 

6. Sput te r ing  of t h e  Meteorite Molecules by Impact 

The spu t t e r ing  ( "arrachement" i n  French, f'Zertstaubung" i n  German) 
of  t h e  meteor i te  molecules by impact i s  a phenomenon which m a k e s  i t s  ap- 
pearance, before vaporization, a t  t h e  first c o l l i s i o n s  aga ins t  a i r  mole- 
cu les .  
sur face  an in tense  heating which i s  very short ,  and i s  loca l ized  t o  t h e  
c lose  v i c i n i t y  of t h e  po in t  of impact. 
molecules resul ts .  The phenomenon has been studied by analogy w i t ? ?  t h e  
bombardment of i ons  on a cathode (Ref. 13). 

Each a i r  molecule encountered by t h e  meteorite produces a t  t h e  

A spu t t e r ing  of t h e  meteorite 

L e t  u be t h e  mean number of sputtered molecules caused by an i n c i -  
3 

mvL 
2 dent  molecule during t h e  c o l l i s i o n ,  E = a- t h e  energy t r ans fe r r ed  t o  

t h e  meteor i te  by an inc ident  molecule, and uo t h e  spu t t e r ing  energy of a 

molecule (u, z 6.10-12 e rg  = 4 ev); It wcs fsm2 ( R e f .  Ij) thai: 

U =  k (k) 4/3 ( 2 0 )  
UO 

where k i s  a c h a r a c t e r i s t i c  constant f o r  t h e  material. For i ron ,  

k = ~.10-~, and f o r  a stony body, k o lo'*. 
and 70 km/sec, we ob ta in :  

For v comprised between 10 

0.1 < u 10 (stony meteor i tes )  
0.004< u 0.6 ( i ron  meteor i tes )  

By d e f i n i t i o n ,  t h e  c o e f f i c i e n t  of energy t r a n s f e r  by impact spu t t e r ing  i s  
t h e  r a t i o :  

A, = E/& 



where E i s  t h e  secondary energy necessary f o r  t h e  spu t t e r ing  of t h e  mole- 
cule. It can be shown ( R e f .  1) tha t :  

-- . _  

6 For a stony body, da,d t b10‘ , and f o r  i ron ,  

m ~ p r i s e d  “ueti,ieen LO b / s e c  an< 70 iq’sec, w e  nave 

= 2.5*10-7. For v 

stony body 4 < A, < 14 percent 

i r o n  0.3 < A, < 1 percent 

Therefore, t h e  t o t a l  spu t t e r ing  energy E always remains small as compared 
wi th  t h e  c o l l i s i o n  energy E t r ans fe r r ed  t o  t h e  meteorite. 
ues of Aa have been observed f o r  various metals. 

Very low va l -  

W e  can write an equation f o r  the  decrease of m a s s  by c o l l i s i o n  sput- 
tering analogously t o  ( 6 ) ,  with t h e  addi t iona l -  u se  of t h e  r e l a t i o n  A = act: 

where Qa is t h e  spec i f i c  energy (per gram) of impact sput te r ing .  

i ron ,  &a = 1.840 

For 

For stony bodies, Qa i s  of t h e  11 erg0g-l  (Ref .  1). 

same order  of magnitude. 
a l l  Eisteor i te s. 

This i s  the  numerical value which i s  used f o r  

6.1 Numerical V a l u e s  of t h e  D r a g  Coefficient ( taking i n t o  account t h e  
inc iden t  molecules and t h e  molecules reemitted and sputtered by im-  
pact 1 
The mass of a i r  inc ident  on t h e  meteor i te  has a steady momentum alge- 

b r a i c a l l y  equal t o :  

a r -d  M ’ O V  

where a i s  t h e  transparency coe f f i c i en t  f o r  momentum t r ans fe r .  
emitted a i r  molecules have a momentum whose component along t h e  d i r e c t i o n  

of 3 is: 

The re- 

- ank*dM’Vr 
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With am being t h e  transparency coe f f i c i en t  f o r  t h e  t r a n s f e r  of t h e  number 

of molecules, and k being a numerical f a c t o r  r e l a t e d  t o  t h e  space d i s t r i -  
t r i~ t ion  cs reemitt,ed o r  s p t t . e r e d  rn,c?lec~Ies ( s c z t t e r i n g  l a w  a116 sha9e of 
t h e  surface).  The molecules removed from t h e  meteorite have a momentum 

whose component along t h e  d i r e c t i o n  of 5 is: 

from which t h e  equation, 

From (22) 

from which, 

d (24) 

Determination of  1; 

Take  ar? element do  of t h e  f r o n t a l  surface area S, whose normal makes 

The mean normal component of t h e  ve loc i ty  an 
r 

angle 8 with 7 (Figure 3 ) .  
T., Df the zclecules sc-ttered (accor<lng to i(i-ilidsen?s l a w )  by a w a i l  i s  

equal t o  (2/3)-vr ( R e f .  4). 
t h e  momentum of t h e  molecules reemitted by t h e  element d a  is :  

The component along t h e  d i r e c t i o n  of 3 of 

I n t e g r a t i n g  over t h e  f r o n t a l  surface S, we obtain: 

which gives k = 2/3 fo r  a plane surface of incidence and k = 4/9 f o r  a 
sphe r i ca l  surface of incidence. 



Khen t h e  screen e f f e c t  i s  s m a l l ,  it can be shown that ar = % m a K  

For most n a t u r a l  meteorites,  t h e  screen e f f e c t  i s  neg l ig ib l e  ar = % = 
aA = O. ~ q r i ~ t i o n  (24) beccnes: 

- .*Sm++.. -+ 

r =  
._ 

Two cases m u s t  be considered. 

a)  Stony Meteorites 

a d ;  v a = 4  &/see; 

vr = 3 &/see f o r  v = 10 km/sec, f o r  example 

vr = 6 km/sec f o r  v = 60 km/sec, f o r  example 

= 4-10-6; Qa = 1.8.10~~ erg0g-l 

W e  obtain, f o r  t h e  t h r e e  r's: 

r = 1 + 0.20 + 0.03 = 1.2 f o r  v = 10 km/sec 
r F 1 + 0.09 + 0.18 = 1.3 f o r  v = 30 -/see 
r = 1 + 0.07 -F 0.60 = 1.7 f o r  v = 60 km/sec 

The t h i r d  term f o r  r i s  because of t h e  impact sput te r ing ,  and 
predominates only a t  t h e  high speeds (v h 40). 

b )  I r o n  Meteorites 

ad.75; v a r 4  km/sec; As,o = 2.5*10-7; Qa = 1.8-io11 erg0g-l 

l'= 1 + 0.33 + 0.001 P 1.3 for  v = 10 km/sec 
r= 1 + 0.33 + 0.03 f 1.35 for v = 60 -/see 

r i s  p r a c t i c a l l y  independent of t h e  meteor i te  speed v. 
t h i r d  term f o r  r i s  because of the impact spu t t e r ing  and i s  always negl i -  
gible.  

The 
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6.2 Var ia t ion  of t h e  Mass by Impact S t r ipp ing  

For t h e  decrease of m a s s ,  both s i d e s  of (22) are divided by the de- 
celerat.ior! eqiiati_on ( 5 ) .  
n i l ,  t h e  a coe f f i c i en t s  are p r a c t i c a l l y  t h e  same, and are eliminated from 
t h e  r e s u l t i n g  equation. -We get: 

If the scTee9 e f f e c t  i s  zssmed t o  be we& or 

- - *  . .. 

with  r being independent of v; and with &, vo being t h e  i n i t i a l  values. 

AM M , - M  Av as a func t ion  of -, f o r  
M, VO 

Table  4 gives t h e  values f o r  - = 
M, 

stony and i r o n  meteorites,  and f o r  t h ree  values of  vo. I n  prac t ice ,  t h e  

decrease of mass by impact sput te r ing  i s  neg l ig ib l e  f o r  ion  meteorites,  
except a t  t h e  very high speeds. The decrease of  mass i s  even more s ig-  
n i f i c a n t  f o r  stony meteorites.  These values are calculated by tak ing  

r = 1, &a = 1.8-1011 erg-g-l;  A,,o = 4-10'6 (stony meteorites) and Aa,o 

= 2.5-10-'f ( i ron  meteorites).  
meteor i tes ,  and t h e  r e s i a u a l  masses are s l i g h t l y  g r e a t e r  a t  high speeds 
than  those  derived i n  Table 4. 

I n  practice,  increases  wi th  v f o r  stony 

6.3 Var ia t ion  of the Speed by Impact S t r ipp ing  

From equations: 

M - =  dv - r  p s v 2 , where p = p ( z ) ,  v = V ( Z )  ( 5 )  a t  

dz = - v cos5 a t  where 5 i s  t h e  zeni th  of 
t h e  meteorite r ad ian t ,  

(29) 

w e  obtain,  assuming M constant (see Table  4), r constant (see t h e  previ-  



For AV = vo - v, not t o o  l a r g e  (which supports t h e  f a c t  t h a t  M i s  con- 

s t a n t )  : 
I" - = a i i o :  Bv 

COSC M 0 
V 

with  A = t h e  shape f a c t o r  of t h e  meteorite,  and with 6 = t h e  dens i ty  of 
t h e  meteorite.  

For s i m i l a r  bodies, S/M = M-1/3, hence, Av/vo (not t oo  l a rge )  i s  in -  

ve r se ly  proportional t o  t h e  s i z e  of  t h e  meteorite.  

w e r e  calculated f o r  r = 1, 
according t o  ARDC, 1959, f o r  severa l  values of R, and are l i s t e d  i n  
Table 5. 

The values of Av/vo 

6 =  3 g/cm3 (stony meteor i tes )  t = oO, p (2) 

I n  summation, t h e  decrease i n  speed, r e s u l t i n g  from impact sput te r -  
ing, i s  very small f o r  a l l  meteorites, except f o r  p a r t i c l e s  of t h e  order 
of 10, o r  less. The decrease of mass, r e s u l t i n g  from impact sput te r ing ,  
i s  a l s o  genera l ly  very small. 

7. Heating of t h e  Meteorites Before Vaporization 

To treat t h i s  problem we  consider: 
dimensions (at least of t h e  order  of a f e w  m i l l i m e t e r s ) ,  which heat up 
only s u p e r f i c i a l l y  (see Section 7.1); and (2) meteor i tes  'o f  smaller dimen- 
sions,  whose t o t a l  mass hea t s  up almost uniformly. This second case i s  
that of most n a t u r a l  meteor i tes  (see Section 7.2). 

(1) meteor i tes  of very l a r g e  

7.1 Meteorites with Nonuniform Heating 

During t h e  heating up process of meteorites,  temperature i s  not uni- 
form, and a hea t  f lux i s  the re fo re  established; t h i s  hea t  f l u x  goes from 
t h e  (instantaneous) f r o n t a l  surface t o  t h e  back surface. We s h a l l  l a t e r  
show (Section 7.1.3) t h a t  t h e  minimum dimensions of such meteor i tes  are 
about 1 mm f o r  stony bodies, and a few m i l l i m e t e r s  f o r  i r o n  bodies. 

W e  neglect,  wi th  r e spec t  t o  t h e  energy received by t h e  meteorite,  
t h e  thermal r a d i a t i o n  of t h e  meteorite and t h e  energy spent by t h e  impact 
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spu t t e r ing .  W e  assume t h a t  t h e  screen of  reemitted a i r  molecules i s  
t r anspa ren t  enough f o r  u s  t o  take a= 1, from which A = a. 
2 and 3 w e  m u s t  s a t i s f y  t h e  following: 

From Tables 

< 

< 
R N- 5 m (stony meteor i tes ) ,  and 

R N 5 cm ( i r o n  meteorites).  

We have seen that, f o r  t hese  bodies, we can take v = vo = constant, up t o  
t h e  start of vaporization. By applying: 

(3) h s z  

and 

(29 )  z = zo - vo c0sy.t 

w e  ob ta in  t h e  flux of energy received per  u n i t  surface area of 
or i te  (zo i s  an a r b i t r a r y  a l t i t u d e  corresponding t o  t = 0): 

t h e  mete- 

(32) 

1. We consider the simplified case of a c y l i n d r i c a l  meteorite,  

We assume t h a t  t h e  back su r face  i s  a t  t h e  temperature of  t h e  s u r -  
whose permanent sur face  of incidence i s  a r i g h t  angle c ross  s e c t i o n  (Ref. 
14). 
rowdings.  This leads u s  t o  t h e  problem of t h e  propagation of hea t  i n  an 
i n f i n i t e  bar .  Let: 

6 ( x , t )  be t h e  r ise i n  temperature from t h e  i n i t i a l  value (ambient t em-  
p G L a u u L G ) ,  ..-- zt, t b e  pcic t  nf Z ~ S ~ T S S B  x [ f r o n t a l  surface a t  
x = 0), and a t  time t. 
be t h e  coe f f i c i en t  of thermal conductivity of t h e  material, and 
be t h e  coe f f i c i en t  of thermometric conductivity. 

k 
X 

X = k/aCp ( 3 3 )  

where 8 i s  t h e  dens i ty  of t h e  material and Cp i s  i ts  specific heat.  
thermal conduction equation is: 

The 

with t h e  conditions, 



with 

The solution is well known. We obtain: - 
X 

x 0 =J;;+ v cos< 
0 

The rise in temperature of the surface of incidence is: - 

Numerical values of X, ( R e f .  1): 

a) Compact stony meteorites: 

k 2L 3-105 erg (em* sec=degree)-l 

cP 2 10 7 erg (g-iiegree)-l 

6 e 3 . 5  gjcm= 
7 

f r o m  which, 
X Z O .  9- lo'*- cm 2 s -1 

b) Porous stony meteorites: 

k --"2-10 4 erg 

cP 2 107 erg 
6 --"1 g/cm 3 

from which, 

(35 )  
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c) I ron  meteorites: 

k 2 3010~ e r g  (cm*sec*degree)-’ (at 800 C) 

Cpcy 7-10 6 e r g  (godegree)-’ 

from which, 

T a b l e  6 shows t h e  values f o r  xo, deduced from t h e  previous numerical 

va lues  obtained from (35)  ( f o r  { = 0’ and H = 7 a), f o r  t h r e e  values of  
vo : 

xo< 

x o Q  1.5 mm f o r  i r o n  meteorites.  

0.5 mm f o r  stony meteorites,  

2. W e  consider t h e  case of a meteorite i n  rapid ro t a t ion ,  wi th  
dimensions +>xo. W e  can assume t h a t  the cen te r  remains at  t h e  i n i t i a l  

temperature. 
of t h e  surface, and r e f e r r i n g  t o  the  preceding case of t h e  semi- inf in i te  
bar ,  w e  obtain: 

Assuming t h a t  t h e  thermal radial f l u x  i s  uniform over a l l  

3. W e  consider t h e  case of a meteorite of dimensions comparable 
w l t h  xo. The z e t h d  Cf 2 m g e s  (Ref. 7) pel-,its E.s t9 prC?Treet? ercE t h e  

s o l u t i o n  of the problem of t h e  semi- inf in i te  ba r  t o  t h a t  of a f i n i t e  bar. 
L e t  e be t h e  length  of t h e  bar. W e  f i nd ,  (Ref. 1) : 

(37) 

wi th  6 ( O , z )  given by (36). 

For example, fo r :  P =  x g ,  e , ( P , z )  = 

4=  2xo,e1M, 



Thus we can assume f o r  4 > 2xo t h a t  t he  back f ace  does not  hea t  up. 

i s  given by (35 ) ,  and t h i s  condition i s  writ ten: 

~0 

i > 1 m ( f o r  stony meteor i tes ) ,  
e > 3 mm ( f o r  iron meteor i tes ) .  

The temperature of t h e  impact su r face  o f  a meteor i te  is: 

T = To + 6, 

where To i s  t h e  i n i t i a l  temperature of t h e  meteorite,  8 being given by 

(36) or (37), depending on t h e  case considered. 

sur face  of impact of a nonrotating meteorite (0.5 < R O  5 mm f o r  a stony 

body and 1.5 < R a 50 LULU f o r  an i ron  body), obtained from (36 ) ,  i s  shown 
i n  Figure 4 as a func t ion  of z, f o r  t = 00, and f o r  vo = 15, 30 and 60 
h / s e c .  For f f0 ,  

The temperature of t h e  
< 

< 

The a l t i t u d e s  z(T),  corresponding t o  t h e  same temperature, f o r  a 
meteor i te  having a permanently plane c o l l i s i o n  surface,  and f o r  a spheri-  
cal meteor i te  under rapid r o t a t i o n ,  are about 10 km apar t .  The corre- 
sponding a l t i t u d e  f o r  a meteorite of analogous dimensions, b u t  of any 
shape i s  between t h e  previous two extreme values.  

T T - ~  r a i i u i u j  * A  e+-- uL --P uyuuvAvu v - r - o ~ ;  fin f3C;\ \ J u I .  m-i &&a+- c nnr,s+inn -yu---u-- is ~ r d i c ?  2~ t~! t.he V ~ ~ C ! T ~ Z -  

a t i o n  temperatures of compact stony meteorites,  w i t h  Tv = 2300' t o  2500°, 

and of i r o n  meteorites,  with T, = 240O0 t o  2800'. Equation (36)  i s  va l id  

f o r  porous stony meteorites,  up t o  T = lgOOo t o  2000°; above t h e s e  temper- 
atures, thermal r a d i a t i o n  becomes important. 

7.2 Meteorites Having a Uniform Temperature 

W e  can consider t h a t  t h e  temperature of a meteor i te  remains uniform 
if i t s  dimensions are less than xo (Section 7.1). I n  o the r  words: 

R 0.5 mm f o r  a compact stony meteorite,  and 
R 1.5 mm f o r  an i r o n  meteorite.  
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W e  s h a l l  a l s o  assume t h a t  f o r  compact stony meteorites:  

so t h a t  we w i l l  be able  t o  neglect the dece lera t ion  of t h e  meteori te  be- 
f o r e  i t s  vaporizat ion (Section 6.3). A l l  these condi t ions axe s a t i s f i e d  
f o r  most n a t u r a l  rad io  meteors. 

Taking i n t o  account (3) and (32) ,  t h e  expression f o r  E ( t )  becomes: 

* * -  

Generally, the energy E ( t )  received i s  transformed p a r t l y  i n t o  hea t  
and p a r t l y  i n t o  energy d iss ipa ted  by thermal rad ia t ion .  
wri te :  

W e  can the re fo re  

- - -  

where T i s  the  temperature of t h e  meteorite,  To i s  i t s  i n i t i a l  tempera- 

t u r e  (temperature of thermal equilibrium with t h e  surrounding medium), f3 

i s  t h e  emiss iv i ty  f a c t o r ,  Q = 5.71-10-5 erg.cm-*sec-' degree-4, and S' is 
t h e  t o t a l  surface area of t h e  meteorite.  

a )  It can be shown (Refs .  1 and 2) t h a t  for p a r t i c l e s  of dimensions 
less than  10 p (micrometeorites), t h e  rad ia ted  energy predominates. 
s h a l l  r e t u r n  t o  t h i s  case i n  more d e t a i l  (Section 7.3). 

W e  

b) For p a r t i c l e s  of dimensions g r e a t e r  than  l o p  ( rad io  meteors), 
t h e  energy transformed i n t o  heat  predominates over t h e  rad ia ted  energy. 
The temperature increase  Q(t) i s  therefore  given by: 



or ,  from ( 3 9 ) :  

where Cp = lo7 e r g  (g-degree)-’ f o r  stony meteorites,  and Cp = 7-10 6 e r g  

(g-degree)-’ f o r  i r o n  meteorites. 

7.3 Micrometeorites ( R e f s .  1 and 15) 

By de f in i t i on ,  t hese  are meteorites of dimensions less than  l o p .  
From w h a t  w a s  observed previously (Section 6), it i s  no longer poss ib le  
to neglec t  t h e  decrease i n  speed r e s u l t i n g  from impact sput te r ing .  The 
heat ing  i s  given by (40), which becomes (with f3 = 1): 

4 4 m(t)  T = T o + -  OS ‘ 

T 4 = T o + - - -  4 1 a S  3 
2 ci S’ p v  

Equation (42) shows t h a t  t h e  r ise i n  temperature i s  propor t iona l  t o  

w 1 4 ( t ) ,  and i s  no longer proportional t o  W(t>, as f o r  meteor i tes  of 
greater dimensions (Equation 36) .  

1 I ’  

The conc?itinn under which, w e  ran neglect. t.he first. t.e-m n f  expres- 
s ion  (40) f o r  dE( t )  i s  wr i t ten ,  t ak ing  (39) i n t o  account: 

By applying (42) and assuming T 4 4  >>To , t h i s  condition becomes: 

Hh S‘T3 ..l - -  
O Cpcosf M vo (44) 

Example. Spherical  meteorite: (45) M S’ = 4- S = 3 , from which: 
M R t  

u ‘h T3 R < < 3 - - -  c P i COS{ vo 
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If, i n  addition, t h e  meteor i te  i s  a stony one: 

3 c = 10 7 e r g  (godegree)-' 
P 8 = 3.5 g/cm 

T = T~ N 1 7 0 0 ~  K v = 30 km/sec 0 

& = 7 h  I =  oo 

(4.6) becmes: x aii. 
During  t h e  en t ry  of t h e  meteorite i n t o  t h e  atmosphere, t h e  increase  

of temperature, which i s  related t o  t h e  increase  of p y  i s  followed by a 
decrease, because of t h e  decrease of v. 
t h e  max imum temperature reached i s  less than Tf. 
(42) , we obtain: 

For s u f f i c i e n t l y  small p a r t i c l e s ,  
From equations (30 )  and 

The values of T can- be calculated by  means of (47)y assuming t h a t  t h e  de- 
c rease  i n  m a s s  r e s u l t i n g  from impact s t r i p p i n g  i s  negl ig ib le ,  and t h a t  r 
i s  constant (which i s  a va l id  assumption except f o r  very rapid stony bod- 
ies, where v > 50 km/sec). These values are shown i n  Figure 5 f o r  spher- 

i c a l  stony micrometeorites ( 8 = 3 g/cm3; r=  1; a = 1; I = 00) .  

The a l t i t u d e  corresponding to t n e  maximum t enpera ture  (given by p ) :  

:"@e 
dT/dp = 0 

1 cosc il 

h 
I s (W (Tm& = - 3 ?E 

The inequa l i ty  T- Tf def ines  a maximum f o r  R, by using (48): 

temperature ) 



The p a r t i c l e s  wi th  R < &(Tf) are t h e  micrometeorites of Whipple (Ref. 

15). The values f o r  %ax and p(%,) are indicated i n  Table 7 ( f o r  stony 

p a r t i c l e s ,  d = 3 g/cm 3 , a = 1, r= 1, Tf = 1 6 0 0 ~  K, and f o r  3 = 0'). 

Figures  6, 7 and 8 show t h e  e s s e n t i a l  r e s u l t s  f o r  t h e  study of: 
(1) t h e  transparency of t h e  screen due t o  t h e  reemitted p a r t i c l e s ,  (2) 

i n g  up of t h e  meteorite before vaporization. 
the dzeelzr.&..on of -!-he mzj-eor~te before .*-".--*---l-*-- v a p v i L b a b s v i i ,  --a aim ( 3 1  2.L- u~t: heat- 

8. Vaporization of t h e  Meteorite 

W e  have seen (Section 7) t h a t  meteorites of dimensions g r e a t e r  than  
S t a r t i n g  l o p  keep hea t ing  up while they  descend through t h e  atmosphere. 

from a c e r t a i n  a l t i t u d e ,  they  reach t h e i r  temperature of vaporization. 

8.1 Calculation of  t h e  Parameters which Characterize 
the Vaporization 

The vaporization of a so l id  o r  l i q u i d  i s  characterized by two quan- 
t i t i e s :  N,, t h e  number of vaporized molecules per second per  square cen- 

t imeter of area; and p, t h e  pressure of sa tura ted  vapor. It can be shown 
( R e f .  1) t h a t  p i s  given by: 

H -a' 
b 

2n-kT' v 
P = 

where m' i s  t h e  mean molecular mass of t h e  meteorite,  and b i s  t h e  s t i c k -  
i n g  c o e f f i c i e n t  ( f r a c t i o n  of t h e  condensing vapor molecules inc ident  on 

1 cm 
o r i t e s .  

2 of t h e  body); b = 1 f o r  metals (Ref .  9), and B < 1 f o r  stony mete- 

Overa l l  Spec i f i c  Energy of Vaporization: Q 

This  i s  t h e  energy necessary t o  raise t h e  temperature of 1 gram of 
a so l id  body f o r  i t s  fus ion  and i t s  vaporization. 

where Lo = 93,000 c a l o r i e s  (mole)-' i s  t h e  s p e c i f i c  hea t  a t  Oo K, &?the 
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molar mass of t h e  body, and Tv i t s  temperature of vaporization. We f i n d  

Q = 7.5*1010 e rg -g  -1 f o r  iron. W e  take (2): Q = 8.08010 10 e rg -g - l  f o r  
s t m y  rceteorites. W e  s h a l l  use  t h e  following average value: 

Q = 8-10 10 ergog -1 , 
f o r  t h e  whole set of meteorites. 

Boiling 

When bo i l ing  t a k e s  place, a l l  of t h e  energy received i s  used by t h e  
vaporization. The mass Ne', vaporized pe r  cm 2 pe r  second i s  given by: 

The pressure of sa tura ted  vapor is ,  from ( 5 3 ) ,  given by: 

(54) 

The bo i l ing  s tar ts  when t h e  saturated vapor pressure p i s  greater than o r  
equal  t o  t h e  aerodynamic pressure, 

(55)  p = pp .-,r 

which i s  exerted on t h e  meteorite.  From (55) and (56), t h e  condition 

p & P  becomes: 

The r i g h t  hand 
Remember t h a t :  

s ide  represents  t h e  boi l ing  temperature of t h e  meteorite.  

E = & .  

W e  s h a l l  see (Section 9 )  t h a t  we can adopt t h e  following average value,  

= 2-10-12. 

a) I ron  Meteorites: b = 1. We deduce from (57) t h a t :  



T 
T > 
T > 

12000~ K if v = 15 &/see 
3000' K if v = 30 km/sec 
750' K if v = 60 km/sec 

Boiling is impossible at speeds approximately less than 30 km/sec. 

b) Stony Meteorites: b < 1, but its value is poorly known. We can 
simply say that boiling always takes place at the very high speeds. 

8.2 Vaporization of Millimetric or Greater Meteorites 

a) Iron Meteorites 

At equilibrium between the liquid and vapor phases, we have 
(Ref. 16): 

in c.g.s. . (59)  

The total vaporization energy QIi+u' (in erg*cm2/sec) is, from 
(53)  and (59):  

with 

Q 8-1010 erg-g-l. 

Ir, Tzble  8 ,  :..re shew, as a funrrt5nn of T i  the values of: 

&NPI' from (60); 

W(T) from (36), taking = Oo, Ho = 7 km 

T = 6 t- To (To initial temperature 

of' the meteorite), a = 0.75 

Remarks 

1. When QN+' becomes a sizeable fraction of W, the screen re- 

sulting from the vaporized molecules is no longer negligible. 
(36), as established for a z= 1, is no longer applicable (see the follow- 
ing). 

Equation 
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2. Table 8 i s  es tab l i shed  f o r  a meteorite having a permanent 
plane f r o n t a l  surface. For r o t a t i n g  bodies, t h e  same temperatures are 
reached f o r  g r e a t e r  values of W(z); therefore,  f o r  lower a l t i t u d e s  (by 
10 a apprzlximateu). 

b) Compact Stony Meteorites 

I n  t h e  absence of d a t a  on the vapor pressures  of  stony bodies, 
8 - - \  I /n\ w e  have t o  take ( 3 y )  and (ow) 8 s  beirig zpp l l zab le  t z l  these bsc?ies (*he 

mean molar masses of stony and i r o n  meteorite vapors are almost t h e  same). 

Table  8 gives, as a function of  T, t h e  values of :  

QNvmT from (60); and 

W(T 1 from ( 3 6 ) ,  taking T = 6 + To; a = 1 

f = 0'; Ho = 7 lan 

Because of t h e i r  lower thermal conductivity, t h e  stony meteor- 
i t e s  reach t h e  same temperatures as t h e  i r o n  meteor i tes  at  g r e a t e r  a l t i -  
tudes.  

c )  Porous Stony Meteorites 

Before t h e  s tar t  of vaporization (1500 c T c 2000' K),  thermal 
radiakion represents  a s izeable  f r a c t i o n  of t h e  inc ident  energy of t h e  
a i r  molecules. 
i n  vaporization whose energy becomes g r e a t e r  than  t h e  rad ia ted  energy. 

The subsequent increase of t h e  f l u x  W e n t a i l s  an increase  

Var ia t ion  of t h e  Temperature as a Function of t h e  Al t i tude  

Figures 9 and 10 show examples of v a r i a t i o n s  of  t h e  meteor i te  temper- 
ature T as a func t ion  of i t s  a l t i t u d e  z, during t h e  t w o  successive phases 
of hea t ing  (Section 7) and in t ense  vaporization (Section 8). 

a) During t h e  hea t ing  period. The rise i n  t h e  temperature 8 w a s  
ca lcu la ted  from ( 3 6 ) .  W e  have assumed { = 0, H, = 7 km, and t h e  values 

f o r  k and X are given i n  Section 7, those  f o r  a are given i n  Section 4.3. 

b)  During t h e  vaporization period. The func t ion  of T versus z i s  
obtained by wr i t i ng  t h a t  t he  energy QN+' necessary f o r  t h e  vaporization, 

and given by ( 6 0 ) ~  i s  e q u a l  t o  t h e  energy supplied t o  t h e  meteorite.  



Al t i tude  of Appearance of Meteors 

I n  prac t ice ,  t hese  are t h e  a l t i t u d e s  where an in t ense  vaporization 
i s  i n i t i a t e d .  
o f  incidence i s  wr i t ten :  

Prom (36) m d  ( 3 ) ,  the  rise i n  temperature of t h e  surface 

L e t z l b e  t h e  a l t i t u d e  of t h e  start of i n t ense  vaporization. W e  have: 

From Figures 9 and 10, w e  have 2100 < T(zl) < 2800' K (70 t o  90 km s z1 

Roughly, 1800 < e(  zl) q 2 6 0 0 ~  K. 100 t o  120 ka) . Remember  that t h e  

th i ckness  of t h e  l a y e r  where t h e  meteors start t o  be v i s i b l e  w a s  es t i -  
mated t o  be 10 Inn. Figure 11 and Table 9 show: t h e  ca lcu la ted  a l t i t u d e s  
of t h e  meteor appearance l a y e r s  ( v e r t i c a l  t r a j e c t o r y ,  homotropous atmos- 
phere H, = 7 km); and t h e  a l t i t u d e s  of appearance of sporadic meteors and 

of  t h e  p r i n c i p a l  showers (Refs. 20, 3 and 30). 

8.3 Vaporization of Submillimeter Meteorites 

-7- - - --L - - : &- I U ~ Z , ~  Illt; bcurZ.L bcs h a . ~  n , r z c t i c d l g  z un,ifor- t.emperatiire, and com- 
p l e t e l y  m e l t  before t h e  vaporization takes place. 
T ( z )  f o r  i r o n  meteorites,  f o r  vo = 15, 30 and 60 km/sec and R = 100 c ,  
10, and 1,. 

Figure 12 shows curves 

9. Screen Due t o  t h e  Molecules Vaporized from t h e  Meteorite 

The transparency c o e f f i c i e n t  a i s  determined with t h e  same method as 
f o r  reemitted a i r  molecules (Section 5 ) .  
ence between t h e  two i s  t h a t  t h e  transparency cannot be c lose  t o  un i ty  

(a 2 0.9) unless t h e  meteor i tes  have dimensions d e f i n i t e l y  less than  a 

m i l l i m e t e r  (R Y 100~). For t h e  rest of t h e  meteorites,  it i s  no longer 
poss ib le  t o  make t h e  approximations of t h e  weak screen, which w e r e  per- 
mitted f o r  t h e  r e f l ec t ed  a i r  molecules. 

However, t h e  e s s e n t i a l  d i f f e r -  

< 
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From (54), t h e  number of molecules vaporized per square centimeter 
second i s  : 

where aAis  the transparency coefficient of t h e  vaporized molecules f o r  

t h e  f l u x  of energy and m' t h e  mean molecular m a s s  of t h e  meteorite.  
Equation (15) becomes: 

where d '  i s  t h e  mean molecular diameter of t h e  meteor9te and vT is  t h e  
speed of t h e  vaporized molecules. 

-- - - -  - -- 

. _. . -. . . .- 
W e  have taken @ = @(A), since t h e  c o l l i s i o n s  modify the space d i s t r i b u -  
t i o n  of vaporized molecules while t h e  screen becomes denser. This i s  a n  
unknown function, and (64) cannot be used t o  determine aA. 

Condition f o r  t h e  Screen Ef fec t  to b e  Weak. 

If t h e  screen e.ffect i s  weak, (64) becomes: 

where B i s  no longer dependent on A. For a stony meteor i te  f5 E0.2. 

With a = 1; d '  = 3-10' 8 cm; m' = 82.1~1'~~ g; Q = 8-1010 erg-g-l;  and 
vr cz 1.5 lan/sec the condition a > 0.9 i s  writ ten: 

(66)  RpV3 < 2-10 8 

On t h e  o t h e r  hand, t h e  vaporization of sphe r i ca l  stony meteor i tes  less 
than  a t e n t h  of a m i l l i m e t e r  i n  dimensions i s  es tab l i shed  a t  about 

T = 2000' K; i n  o the r  words, from (42), when pv3 2 10 10 . 



These l a s t  two i n e q u a l i t i e s  are simultaneously s a t i s f i e d  f o r l :  

R 0.2mm. 

W e  can the re fo re  say t h a t  t he  screen e f f e c t  i s  weak most of t h e  t i m e  f o r  
the n a t u r a l  meteor i tes  which are observed by r a d i o  means. 

W e  operate i n  t h e  same way as f o r  der iv ing  equation (26). 
i ng  t h e  impulse of t h e  molecules removed by impact, we obtain: 

Neglect- 

r- a-(1 + k - vr + 2 1 k a a vT V) 
V 

where vr i s  t h e  speed of t h e  reemitted molecules, and vT i s  t h e  speed of 

vaporized molecules. 

a) Stony Meteorites 

10 With t h e  values V r  N 1 km/sec; Q = 8-10 ergog-l; a z 1; 

vT e 1 -/see; k E 0.5; equation (67) becomes: 

where v i s  expressed i n  kilometers per second. 

1~ ca lcu la t ion  s imi l a r ly  performed f o r  meteor i tes  of g r e a t e r  s ize ,  using 
(36) ins tead  of (42), shows t h a t  the  transparency (1: i s  weak from t h e  be- 
ginning of t h e  vaporization. 

of P V ~ ,  f o r  two values of R. 

g r e a t e r  than  those  ind ica ted  i n  Table 10. Indeed: 
c ros s  sec t ion  S genera l ly  decreases during t h e  vaporization. 
l i s i o n s  of t h e  a i r  molecules against  t h e  vaporized molecules increase  i n  
number and crea te ,  on t h e  average, an increase  of t h e  temperature of  t h e  
cloud, and therefore  an increase  i n  t h e  speeds of t h e  p a r t i c l e s  which be- 
long t o  t h i s  cloud. e) The m u t u a l  c o l l i s i o n s  between t h e  vaporized mole- 
cu le s  lead, on t h e  average, t o  an increase i n  t h e  time of f l i g h t  of t hese  
molecules i n  f r o n t  of t h e  meteorite. 

Table 10 gives values of ad as a func t ion  

I n  reality, t h e  values of a!* tend t o  be 

a) The r i g h t  angle 
b) The col- 
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b) I r o n  Meteorites 
I 

With vr = V . G  and t he  values a -  0.75; k- 0.5; Q = 8.1010 

erg-g-1; vT -ui imjsec, equation (67) becomes: 

where v i s  expressed i n  kilometers per  second. 

Rela t ions  (68) and (69)  assume t h a t  t h e  transparency Q is  f a i r l y  
c lose  t o  1. When t h e  conditions of t h e  motion were such t h a t  t h e  screen 
w a s  a dense one, t h e  numerical values of  r and A w e r e  obtained from pho- 
tographs of meteors o r  of hypersonic p r o j e c t i l e s  ( R e f s .  17 and 18). Ex- 
perimental  values of r: 

M e t  e o r  it e s raverage = 0.5 (Ref .  17) 

I r o n  o r  
aluminum 
p r o j e c t i l e s  raverage = 0.42 f o r  v S 6 km/sec ( R e f .  18) 

Experimental Determination of t h e  Parameter = A / Z Q  see (7) 

The photographic observations of meteors do not make it poss ib le  t o  
obta in  r and A separately.  Since r v a r i e s  wi th in  a r e l a t i v e l y  narrow in-  
t e r v a l  only, E i s  determined by observatlon, then, knowing Q from labora- 
t o r y  measurements, A i s  calculated.  The luminous i n t e n s i t y  of a meteor 
i s  taken from t h e  r e l a t i o n :  

where T = ~ ( v )  i s  a luminosity fac tor .  
m a s s  i s  assumed zero when t h e  meteor disappears. 

For s impl i f ica t ion ,  t h e  r e s idua l  
Equation (70) becomes: 

L 

where t i s  t h e  i n s t a n t  when t h e  meteor disappears. Combining (7), (70) 
and (717, we obtain: 



L 

Here, v and dv/dt are determined f r o m  photographs taken a t  two loca t ions ,  
~ 5 t h  an crf?dec+.ive equipped w i t h  a r o t a t i n g  blade s h u t t e r  ( R e f .  8). 
the  first approximation, w e  t ake  T (v )  = constant .  
expression i s  T (v)  = T ~ V  ( R e f s .  19 and 20). 

From photographs of 36 meteors, Jacchia  (Ref .  19) was able t o  ob- 
t a i n  55 values f o r  5 ( the re  are several  measurement poin ts  on t h e  same 
t r a c k  of c e r t a i n  meteors). That author f inds :  

I n  
Another very simple 

l o g g =  - 11.75; f =  1.8.10 -12 (5.10-~3 < < 4.10 -12) I 
I 

T a k i n g  Q = 8=1O1O erg-g- l ,  r = 0.5, t h e  values A = 0.32 and A = 0.04 t o  
correspond t o  t h e  measured extreme values  of t .  

W e  shall sum up t h e  var ious results from the photograph observations,  I 
which w e r e  compared with labora tory  measurements and with ca lcu la t ions ,  
t ak ing  t h e  following average values: 

(1) for  meteor i tes  of more than 10 cm (mall .fireballs) AkO.05 

(2) 

(3) 

(4) f o r  smaller meteori tes  (most radio meteors) A = a  

f o r  meteorr tes  of  the order  of 1 cm (very b r i g h t  v i sua l  meteors) 

f o r  meteor i tes  of t h e  order  of Imm (ordinary v i s u a l  meteors) 
A-0.15 

~ 0 . 3  t o  0.5 

~ 

Inf luence of A on X’ 

From (67): i 

Consider a stony meteori te :  

Q = 8-1010 erg-g- l ;  VT 1: 1 km/sec; k cu 1/2; lr0 
ing, v i n  km/sec: 

0.4 from which, express- 
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r i nc reases  wi th  v, b u t  t h e  decrease of a, and the re fo re  of A, with t h e  
speed (16), (64) l i m i t s  the r -;arTaticn. TLis c m  expla in  the choice of 
t h e  value r = 0.5 which i s  used i n  a g r e a t  number of meteor problems. 

10. Motion of a Meteorite During Vaporization 

10.1 Rela t ion  Between t h e  Mass and the Speed (A, I' constant) 

From ( 3 )  and (6) we have (Figure 13): 

where M1 and v1 are t h e  values a t  t he  start of vaporization. 

seen i n  Section 6 t h a t  t h e  decreases of mass and t h e  speed r e s u l t i n g  from 
impact spu t t e r ing  a r e  very s m a l l ,  except f o r  rapid p a r t i c l e s  of dimen- 
s ions  less than  108 approximately. We the re fo re  have f o r  most v i s i b l e  
meteors (observed with a radio):  

W e  have 

Equation (74) becomes: 
- I .* 

2 0  M ( 0 )  = M, e (75) 

v = 0 means cance l la t ion  of t h e  i n i t i a l  speed, neglecting gravity.  

I n  r e a l i t y  the decrease of m a s s ,  which i s  because of vaporization, 
s tops  before v becomes zero. 
W e  have 

The r e s idua l  mass Mres i s  g r e a t e r  than M ( 0 ) .  

For example: 
M(O)*. 

f o r  v 2  5 t o  6 km/sec and 4 = 2010-'~ w e  have Mres = 1.30 

%ecause of t h e  uncer ta in ty  involved i n  t h e  numerical data,  w e  can esti-  
mate t h a t  t h e  d i f fe rence  between M ( 0 )  and Mres i s  small, and can be re- 
w r i t t e n  Mres h. M( 0) .  
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Table  11 gives  t h e  values of M0 as a func t ion  of vo f o r  two values 

of E. Note t h a t  f o r  b ig  meteor i tes  (R 10 cm), i s  smaller (73) and i s  

of t h e  order  of 
vo = 30 km/sec, M ( 0 )  e= 0.6 %). 

Mo 

The r e s idua l  mass i s  the re fo re  much g r e a t e r  ( f o r  
Figure 13 a l s o  shows t h a t  t h e  vaporiza- 

t i o n  of most of the i n i t i a l  mass takes place while t h e  speed has only de- 
creased from v l z  vo by a f e w  kiiometers per seconCi, e spec ia l ly  when vo 

i s  l a r g e  (ca lcu la t ions  car r ied  out  with [ = 2.10 -12) . 

10.2 Rela t ion  Between t h e  Mass and t h e  Speed (A, I 'variable,  
screen of small dens i ty  

From Section 8, t h e  condition of a screen of small dens i ty  i s  f u l -  
f i l l e d  only f o r  s u f f i c i e n t l y  small meteorites (R B loo,,). 

From ( 5 ) ,  (6) and (67), we obtain, after ca lcu la t ions ,  t h e  equation: 

dM avdv - =  
M 2Q(l+k!1-a1) + kavTv '(76) 

which y ie lds ,  - -  v 0 -v oj2Q(l.;.vF> 
Q(l+k&)+akv v 

kvT c 24 ( l + k  &-a 1 +akvTv (77) M = Moe 

Since t h e  decrease of v i s  r e l a t i v e l y  s m a l l  dur ing ' the  g r e a t e s t  p a r t  of 
t h e  vaporization, we can take: 

(V,-V) v 
-V<<l (78) . = Mo exp (- 2Q(l+k41-a9+akvTv vo 

. .  ~ 

Figure 14 show; a l s o  t h a t  a s izeable  decrease of the m a s s  takes place for 
a small decrease of  v, from vo e v1 (curves p lo t t ed  f o r  stony meteorites, 

a = 1; Q = 8.10~~ erg-g  -1 , k = 1/2, and vr = 1.2 km/sec). 

10.3 Rela t ion  Between t h e  Mass and Alti tude: A) A = constant 
approximation 

The hypothesisA = constant, appl ies  a l s o  t o  meteorites having small 
dimensions and a neg l ig ib l e  screen e f f ec t ,  which leads t o  (Section 4.4): 
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where a remains close t o  1. From Table  3, t h e  approximation app l i e s  t o  
most meteor i tes  observed by r ad io  means. 

I n  addi t ion ,  w e  m u s t  propose another hypothesis on t h e  r e l a t i o n  
which relates t h e  decrease of mass M wi th  t h a t  of t h e  r i g h t  angle c ross  
sec t ion  S. I n  t h e  simplest case where t h e  meteor i te  remains s i m i l a r  t o  
i t se l f ,  w e  have: 

W e  s h a l l  assume t h a t  w e  generally have a r e l a t i o n  of t h e  form: 

S M - = ( %  >', 
SO 

(79) 

where t h e  exponent c remains constant f o r  a given meteorite during i t s  
motion. 

Taking (79) i n t o  account, equation ( 6 ) ,  which g ives  t h e  decrease of  
t h e  mass M wi th  t h e  t i m e ,  can be wr i t ten :  

where t h e  A = constant hj-pothesls e r i ta i l s  f = constant. 
v are related through r e l a t i o n  (74), derived before: 

FIoxe?v'er, M and 

(74) M = Mo exp -[$ (v: - v 2 i  

Eliminating M from (74) and (80), and applying (3) and (29), w e  ob ta in  
t h e  func t ion  of v versus t h e  a l t i t u d e  z :  

I n t e g r a t i n g  t h i s  equation with vl-vo we have: 
r - 

E(1-11) E(1-u)  
_Fo v2 

- e  1 - 2  ' I E i (  vz]- Ei( V 2 ) ) =  
2 
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where Ei(x) i s  t h e  exponential  i n t e g r a l  function: Ei(x) =Ih$ du 
a0 

Rela t ion  ( 8 2 )  gives  v, and M can be deduced from it by using (74). 

A much simpler approximate expression f o r  M can be obtained by re- 
marking t h a t  t h e  greatest p a r t  of the m a s s  i s  vaporized while t h e  speed 
has only decreased a f e w  kilometers per second wi th  respec t  t o  i t s  i n i -  
t i a l  value v1 N vo. Taking v N- VI p?- vo, i n t e g r a t i n g  (80) y ie lds :  

I n  t h e  case of a meteor i te  which remains similar t o  i t se l f ,  c = 2/3, and 
(83)  becomes l i n e a r  w i th  respec t  t o  R and p :  

r H. n = Ro - sv: 46COSC ( P W  - P(Zl)) 
- - 

Al t i tude  z2 Corresponding t o  t h e  End of Meteor V i s i b i l i t y  

previous), w e  f i n d  from (83 ) ,  and by t ak ing  M = 0: 
If we assume a constant speed d u r i n g  t h e  whole evaporation (see t h e  

- 

Mocos 5 

(85)  P ( Z * )  -.? P ( 2 , )  = ( 1 - u )  [virSoHh 

For example: sphe r i ca l  meteor i te  (constant A) : 

W e  also deduce from (80) t h e  a l t i t u d e  % corresponding t o  a maximum speed 

dM of vaporization - . W e  ob ta in  (s t i l l  using t h e  hypothesis v = v - v : a t  1- 0) 
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Then, from ( 8 3 )  and ( 8 6 ) :  
c -  

For ordinary visual.meteors,  or for very b r igh t  ones which have a suffi- 
c i e n t l y  long t r a i n ,  w e  can take  (zl), <,(%). W e  have: 

where from (80) ( 8 9 )  
MO I'!M = F.l 

Fina l ly ,  (85)  and (86)  show.that i n  most cases z2 and % are related by: 

which, from (3)y gives: 

I n  p a r t i c u l a r  f o r  cr = 2/3:  

10.4 Rela t ion  Between t h e  Mass and Al t i tude :  B) A var i ab le  

For meteor i tes  of s u f f i c i e n t l y  high mass, t h e  screen e f f e c t  cannot 
be neglected and A mus t  be considered variable. 
least  squares t o  a series of experimental results obtained by Jacchia  
(Ref .  l 9 ) ,  w e  obta in  t h e  empirical  r e l a t ion :  

Using t h e  method of t h e  

wi th  (* = 8.10-~, a = 0.10, p = 0.27, T = 1.32 (M, p and v i n  c.g-s.). 

On t h e  o t h e r  hand, i f  t h e  screen e f f e c t  i s  s u f f i c i e n t l y  la rge ,  r 
can be considered constant. 
ab l a t ion  equation (80) becomes: 

With the  hypothesis of (79) and ( 9 2 ) ,  t h e  
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Taking t h e  same simplifying assumption v = v 1 c v  
we have: 

as i n  Sect ion 10.3' 0' 

Al t i tude  Corresponding t o  t h e  End of V i s i b i l i t y :  z2 

Taking M = 0 i n  (94), we have: 

This  r e l a t i o n  has a form 
t a i n  r e l a t i o n s  analogous 

c lose  t o  t h a t  of (83) .  I n  t h e  same way we ob- 
t o  (861, (87)' (88)' (89)' (90) a d  ( 9 d :  
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10.5 Deceleration of t h e  Meteorite (constant I', A) 

For t h e  case where [ i s  assumed t o  be constant, w e  have a l ready  ob- 
t a ined  a r e l a t i o n  giving v as a function of t h e  a l t i t u d e  z: 

where, 

i s  t h e  "exponential i n t e g r a l "  function. 

Figure 15 gives t h e  va lues  of v as a func t ion  of z f o r  a stony m e t e -  
o r i t e  remaining sphe r i ca l  (# = 2 / 3 ) ,  and having a v e r t i c a l  t r a j e c t o r y  

( f  = 0), wi th  Ro = 1 mm, 6 =  3 g [ = 2=10'12 f o r  3 values of vo. 

This example proves t h a t  t h e  dece lera t ion  can be neglected most of 
t h e  t i m e  i n  t h e  most luminous p a r t  of t h e  t r a i n .  

11. Meteor Luminosity ( R e f s .  1, 2 and 8) 

The spectrum of s u f f i c i e n t l y  br ight  meteorites i s  e s s e n t i a l l y  a 
spectrum of rays  due t o  n e u t r a l  o r  ionized atoms of t h e  meteorite;  t hese  
atoms being exc i ted  by c o l l i s i o n s  with t h e  a i r  molecules. The atoms and 
ions  i d e n t i f i e d  i n  these  spec t ra  are, by decreasing order of frequencies:  

Fe, Mg, Mg+, C a ,  Ca+, Na,  S i ,  Si+, N i ,  Mn, C r ,  Al, Fe+, H, N, 0. 
spectrum corresponding t o  atmospheric n i t rogen  N2 w a s  a l s o  observed (Ref's. 

A band 

10, 21 ana 22). 

Since t h e  thermal speeds vT, r e l a t i v e  t o  t h e  meteorites,  of t h e  

vaporized molecules are of t h e  order of 1 t o  2 km/sec (T N 2500' K),  they  
are small compared with t h e  speed of t h e  body i tself .  These molecules 
form p r a c t i c a l l y  a monoenergetic beam through t h e  atmosphere, because 
t h e i r  k i n e t i c  energ ies  E are between approximately 15 and 1000 ev: 

stony meteor i te  
i r o n  meteorite 

16 5 Ef 560 ev f o r  10 S v I 60 km/sec 
30 5 E Z l O f S O  ev for 10 v a 60 lan/sec 
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The mul t ip le  c o l l i s i o n s  undergone by a vaporized molecule e a s i l y  
provoke t h e  d issoc ia t ion ,  and then  the e x c i t a t i o n  (or  ion iza t ion)  of t h e  
n e u t r a l  atoms and. ions  thus  formed. See Table 12  f o r  t h e  d i s soc ia t ion  
and ion iza t ion  energ ies  of various elements ( R e f .  2). 
Reference 24. 

See a l so  Brun i n  

Luminosity Equation 

It i s  believed that t h e  average rad ia ted  power of t h e  meteor i te  i n  
t h e  v i s i b l e  frequency band, between 4000 A and 7000 A, i s  propor t iona l  
t o  t h e  decrease per  u n i t  t i m e  of the k i n e t i c  energy of t h e  vaporized mole- 
cu le  s : 

where T i s  the luminosity coe f f i c i en t  f o r  the 4000 A t o  7000 A band, and 

dM i s  given by t h e  equation f o r  t h e  m a s s  decrease (80). a t  Replacing t h i s  

_ _  valve, w e  have: 

c -  0 

where € = A/2IQ; 
f a c t o r .  

i s  t h e  meteorite dens i ty  and A, i s  t h e  i n i t i a l  shape 

The values of T, which were proposed by t h e  observers, show a g r e a t  

amount of dispersion: Epik s p l i t s  t h e  T c o e f f i c i e n t  
i n t o  three terms w h o s e  values he ca lcu la tes ,  f o r  d i f f e r e n t  conditions, 
by using experimental resul ts  of quantum mechanics: see Reference 2, 
Bpik i n  Reference 10. (1) r a d i a t i o n  of 
atoms which are exci ted  by co l l i s ions  wi th  t h e  a i r  molecules, (2) radia- 
t i o n  due t o  t h e  thermal c o l l i s i o n  o f  t h e  vaporized atoms between them- 
selves,  and (3) thermal r a d i a t i o n  of the meteorite.  

< T c lo‘*. 

These t h r e e  terms cane from: 

For ordinary v i s i b l e  meteorites, only t h e  first term i s  important. 
Table 13 shows t h e  f r a c t i o n  of d i ssoc ia ted  molecules, and t h e  first term 
of T, r e l a t i v e  t o  the r a d i a t i o n  due t o  c o l l i s i o n  exc i t a t ion ;  both are a 
func t ion  of t h e  speed, and are f o r  two very d i f f e r e n t  values of t h e  d i l u -  
t i o n  c o e f f i c i e n t  ( r a t i o  of t h e  meteorite dens i ty  i n  t h e  vapor phase t o  
t h e  dens i ty  of air)  (2). 
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The ca l cu la t ions  are performed by tak ing  i n t o  account t h e  following 
po in t s  : 

(1) A c o l l i s i o n  of t h e  second kind brings an atom from a c e r t a i n  
l e v e l  of e x c i t a t i o n  t o  t h e  ground leve l .  

(2) 
ionized, exchange e- charges w i t h  the air  molecules. From th is  t h e r e  re- 
s u l t  simply ionized atoms which can be exc i ted  by an energy excess of t h e  
transformation. The w e a k  rad ia t ion ,  due t o  these  e f f e c t s ,  i s  neglected. 

The vaporized atoms of t he  meteorite,  which are severa l  t imes 

( 3 )  All the atoms coming from t h e  molecular d i s s o c i a t i o n  which i s  
t r igge red  by t h e  very first c o l l i s i o n  are assumed t o  have an i n i t i a l  ex- 
c i t a t i o n .  This assumption i s  l a rge ly  j u s t i f i e d  f o r  t h e  medium and high- 
speed meteorites.  

(4) The t r a n s i t i o n  from t h e  exc i t a t ion  energy of an atom t o  l u m i -  
nous energy involves t h e  s p e c t r a l  s e n s i t i v i t y  of t h e  eye, whose curve i s  
given. 

Approximate Expression f o r  T 

By applying t h e  results of Opik, Whipple t akes  (Ref. 23): 

z = T ~ V  where T~ = 8 . 5 - 1 0 - ~ ~ s e c .  (104) 

This r e i s t i o n  i s  on>/ applicable t o  t h e  mos t  b r i l l i s a t  zieteors. 

Maximum Luminous I n t e n s i t y  of a Meteor 

If we neglec t  t h e  dece lera t ion  of  t h e  meteorite,  a t  least  f o r  a 
g r e a t  p a r t  of t h e  vaporization, t h e  a l t i t u d e  corresponding t o  t h e  maximum 
luminosity is, from (102) and (104), t h e  same as t h e  a l t i t u d e  correspond- 
ing  t o  t h e  maximum of t h e  speed of vaporization. 
( 10 3) be come s : 

From (88) and (89), 

._ - - -  - 

Magnitude 

a) Apparent v i sua l  magnitude of a star: av 71t, 

The apparent v i sua l  (av) magnitudes are defined by: 
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(106) 
L1 V -"Cl = 2.5 loglo ; L ~ ,  L are luminosit ies.  - 2  2 

Tfie va lues  ofTT,, are found when t h e  zen i tha l  angle of t h e  star i s  less 

than  45' ( the  atmospheric absorption cor rec t ion  i s  2 O . l m  f o r  2: 45'). 
7tav = 0 corresponds approximately t o  t h e  luminosity of t h e  star Vega 

(for WeatzEri a . 3 ~ 3 ~  mev = 0.1). 

b) Absolute v i s u a l  magnitude of a star:'JYlv 

Tr/, i s  deduced fromMiav by taking t h e  d i s t ance  i n t o  account. 
U 

&ample: W e n t a u r i  A (4.3 a-1) rYLav = 0.1 ; = 4.7 

a y r a  ( a-1) 7 1 , ~ ~  = 0.1 = 0.5 

c )  Absolute v i s u a l  magnitude of a meteor. 

This i s  t h e  magnitude of a meteor which would be loca ted  a t  
< = Oo, z = 100 km. 
magnitude, two cor rec t ions  m u s t  be made (Figure 16): 

To move from the  apparent magnitude t o  t h e  absolu te  

(1) Distance e f f e c t .  
(2) Atmospheric absorption, which i s  independent of t h e  meteor 

alt.i_t.ude (absorption due t o  t h e  troposphere), and depends on t h e  zen i tha l  
arele o f  t h e  meteor. 

Gpik's r e l a t i o n  (Ref. 26) is: 

(107) - 6.8 - 2.5 iogloI, q v  - 
where7ftv i s  t h e  absolute v i sua l  magnitude of t h e  meteor, and I i s  t h e  

r ad ia t ed  luminous power i n  t h e  4000-A t o  7000-A band ( i n  w a t t s ) .  

d )  Photographic magnitude: iibp 

The photographic magnitude of a meteor i s  obtained by d i r e c t l y  
comparing t h e  meteor with t h e  images of stars which are on t h e  same photo- 
graph as t h e  meteor. Generally we have: ' 7 - ~ ~  +Ti.. 

i =qp - "i,. Color index: 

From r e l a t i v e l y  recent  measurements (Ref .  27), i i s  c lose  t o  -1 f o r  weak 
meteors. 
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Al t i tude  Corresponding t o  t h e  Maximum Magnitude 

Eliminating % from (103) ( i n  which w e  take I = &) and f r o m  (88), 

w e  obtain: 

By t ak ing  T = -rovpy by r e t a in ing  only t h e  func t ion  p(zM) = f(I-,v0), 
w e  have : 

From ( 3 ) ,  w e  have: - .  

(109) : 

-- 
1 - +5+ loglOvo I (111) - 3 ~ + 1  = const. + loglOImax ?g10 pH 

= const. v,max - - 3 ~ + 1  loglovo 
from which, 

Hh '1 + Hh 
'M = 'Onst' + 1 , 0 8 5  -3pt;l v,max 0 ,434  3 p + l  

It i s  possible,  f o r  e x e p l e ,  * to  use t h e  following approximation f o r  t h e  
atmospheric dens i ty  p ( z ) ,  corresponding t o  70 I z 5 120 km (8) : 

age 

remaining similar t o  itself) and p = 1 (Whipple's approximation: 
T = -rev), w e  f i nd  ( R e f . 8 ) :  

- Hh aver 

= 5.8 km (h = 70 km), If i n  addition, we take p = 2 /3  (meteorite 

% = const. + 1,8j?2v,max + 44 l0g1*vo. (113) 
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12. Ion iza t ion  

The ion iza t ion  occurring i n  the  v i c i n i t y  of t h e  meteor i te  i s  essen- 
t i a l l y  due t o  c o l l i s i o n s  between the  vaporized atoms and t h e  air  mole- 
cules,  j u s t  as i n  the case of the luminous rad ia t ion .  I n  Reference 2, a 
more thorough, b u t  concise, study of t h i s  phenomenon can be found. Table 
14 gives,  f o r  a f e w  types  of atoms and f o r  d i f f e r e n t  values of t h e  speed, 
t h e  proportion of atoms ionized following a c o l l i s i o n  wi th  an oxygen mole- 
cule. Read a l s o  Sida and 6pik (Ref. 10). 

Ion iza t ion  equation 

W e  assume, as i n  t h e  case of luminosity, t h a t  t h e  necessary power 
f o r  i on iza t ion  i s  proportional t o  the  decrease per  u n i t  t i m e  of t h e  k i -  
n e t i c  energy of t h e  vaporized molecules. 

where T 

number of e l ec t rons  per  u n i t  length, and Vi i s  t h e  ion iza t ion  po ten t i a l .  

Replacing dM/dt by i t s  value from the  mass decrease equation (80) ,  we 
obtain:  

i s  a dimensionless number called ion iza t ion  coe f f i c i en t ,  q i s  9 

4 Rela t ion  between T and T 

From simultaneous r ad io  and v i sua l  observations on Geminid and 
Perseid showers, Millmann and McKinley ( R e f .  28) found t h a t  T ~ / T  vary 

from 1 t o  3, while v v a r i e s  from 33 t o  60 km/sec. 
m a t e  r e l a t i o n  i s  deduced: 

The following approxi- 

Radio Magnitude of a Meteor: / /k (8) 

One can de f ine  a sca l e  of radio magnitudes as being r e l a t e d  t o  t h e  
ion iza t ion  per u n i t  l ength  of t h e  meteorite t r a i n ,  which does not involve 
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t h e  v i s u a l  magnitude. I n  f ac t ,  simultaneous r ad io  and v i s u a l  observa- 
t i o n s  have led t o  t h e  r e l a t i o n ,  i n  an empirical  way, of t hese  two types 
of  magnitudes (Ref .  28). The rad io  magnitude used i s  t h e  dura t ion  of t h e  
echo. An absolute du ra t ion  i s  defined as t h e  dura t ion  of t h e  echo if  t h e  
radar d i s t ance  w e r e  100 km. 

An empirical  r e l a t i o n ,  analogous t o  (lO7), i s  given by McKinley 

where q i s  t h e  number of e l ec t rons  p e r  meter. 
f o r  v = 40 km/sec. 

Equation (117) i s  va l id  

Al t i t ude  of t h e  Ion iza t ion  Maximum 

By assuming t h a t  t h e r e  i s  constant speed, t h e  a l t i t u d e  of t h e  max-  
i m a  of vaporization, luminosity, and ion iza t ion  speeds are t h e  same. 
From (88) and ( 8 9 ) ,  (115) becomes: 

P+ 2 where w e  have taken, 
T = Tv2 = To V Q 

By using t h e  same method as f o r  t h e  r e l a t i o n  (ll3), w e  obtain: 

% = const. + 49 loglovo - 4.4 logl0q,,. (119) 

Figure 18 shows t h e  a l t i t u d e  z(qm,) as a function of v = vo, depending 

on t h e  values of  qmorqr,max from (117). 

13. Conclusion 

I n  t h i s  repor t ,  w e  have reviewed t h e  successive phenomena which take 
These place during t h e  e n t r y  of a meteorite i n t o  t h e  e a r t h ' s  atmosphere. 

phenomena w e r e  described i n  chronological order  t o  b e t t e r  expla in  t h e  
mechanisms involved. 

When possible,  w e  have outlined t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  of t h e  
parameters which def ine  a meteor: 
ning and end of  t h e  t r a i n ,  dece lera t ion  of t h e  meteorite,  luminosity, and 
ion iza t ion .  

a l t i t u d e s  corresponding t o  t h e  begin- 

These results a r e  qu i t e  general: they  can be  applied t o  
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n a t u r a l  meteorites,  as w e l l  as t o  a r t i f i c i a l  meteorites launched from a 
rocket;  they are u s e f u l  t o  a l l  methods of meteorite observations ( rad io  
o r  v i sua l ) ;  and they  apply t o  meteorites of a l l  dimensions, even t o  mete- 
o r i t e s  of dimensions g r e a t e r  than t h e  m i l l i m e t e r  o r  t h e  centimeter, which 
are very rare. 

The second p a r t  of t h i s  study has a s t r i c t l y  p r a c t i c a l  goal. The 
previous results are applied here t o  t h e  case of i n t e r e s t  of n a t u r a l  mete- 
o r i t e s  having u s u a l  dimensions (a few t e n s  o r  a f e w  hundred microns), and 
observed by r ad io  means. W e  see t h a t  a simple and e a s i l y  appl icable  
d e s c r i p t i o n  of meteors can be m a d e  i n  t h i s  spec ia l  case. 
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. Table 1. Average Composition of a Stony Meteorite 

Element 0 Si Mg Fe S Al Ca Na,K 

9 in weight 40 15 i5 4 1.5 i.8 <i 

$ in number of atoms 37 16-17 14 6 3 1.3 1 <1 

Table 2. Altitudes (in km) Above Which the Transparency of 
Reflected Air Molecules is Greater Than 0.9 

1 0.1 0.01 0.001 stony meteorites R (cm) 10 

v = 15 - /see 109 97 86 73 54 

= 30 114 101 89 77 60 

= 60 120 105 94 82 65 

Table 3. Altitudes (in km) Above Which the Transparency of 
Reflected Air Molecules is Greater Than 0.9 

R (cm) 10 i 0.1 0.01 0.001 iron meteors 

z (km) 104 92 80 66 46 

Table 4. AM/M, Decrease of Mass by Impact Sputtering 

Stony meteorites Iron meteorites Av - 
V 

60 VO = 15 30 60 v = 15 30 
0 

0.01 0.003 0.02 0.12 o.oooi 0.001 0.006 

0.1 0.03 0.17 0.70 0.001 0.01 0.06 vo in km/sec 

0.28 0.07 0.37 0.95 0.003 0.02 0.13 

1 0.12 0.54 0.993 0.006 0.04 0.21 



Table 5. Av/vo Decrease of Speed by Impact Sputtering 

Vertical Trajectory; Stony Meteorite 

.- R 10 l 0.1 0.01 0.001 0.0901 . 
2 -- 

Table 6. Temperature Decrement: + 
Vertical Trajectory; Homotropous Atmosphere Ho = 7 km 

Iron 
meteorites 

Stony meteorites 

Compact Porous 

V 
0 

30 0.4 0 .2  1.2 

60 0- 3 0.1 0-9 

v in km/sec 

x in m 

0 

0 

Table 7. Values of Rmx Above Which k x  c Tf 

for Which T- = Tf 
(Stony Meteorites; Vertical Trajectory) 

Values of the ( Rmx) Function Corresponding to the Altitude 

llBX (Rillax) V R 
0 

30 2 3.10-10 
RmaX in micron 

p in g em-3 
60 0.2 4-10-' 
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Table 9. Theoretical Average Altitude at the Beginning of Visibility 
(Vertical Trajectory; Homotropous Atmosphere ho = 7 km) 

v0 = 15 30 60 

iron meteorites 74 86 98 

compact stony meteorites 82 94 106 z in km 

porous stony meteorites 96 io8 ia vo in 

Table 10. Transparency Coefficient of Vaporized Molecules 

a: 

PV R = 0 . 1  R = l  

3.10~~ 0.35 0.08 

0.18 0.03 p in g em-3 

3. io1'- 0.08 0.01 v in km/sec 

1oI2 0.03 0.005 R in cm 

Table 11. Values of M(0)/Mo as a Function of vo 

vo [ = 2.10-12 = 10-12 

30 10- 4 0.01 

60 10-16 2 -10-8 

15  0.1 0- 3 

Table 12. Dissociation and Ionization Energies (in ev) 

N N+ Og 0 O+ H H H+ A Na NO 
N2 2 2 2  2 

dissociat . 9.75 8.7 5 6.5 4.5 2.7 6.5 

ionizat. 15.6 14.5 12.2 13.5 15.4 13.6 15.8 5.1 9.5 
1 ev = 1.6.10-12 erg 
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Table 13. Rate of Molecular Dissociation: f 
Luminosity Coefficient for Impact Radiation: z1 

v 5-2 7.4 10.4 14.8 20.9 29.6 41.8 59.2 km/see 

f O  0 1/8 1/2 1 1 1 1 

0 1.7010-~ 7.1 10 9.6 6.4 4.5 3.7 very diluted coma 

4 dense corny2 5-3 11 1J!.5 15.7 21 L" 
0 0.4.m- 4 5. 

Table 14. Ionized Atoms by Collisions with Air Molecules 

V 14.8 20.9 29.6 41.8 59-2 83.6 vmin 

n(Fe+) 2.5-107 12*107 17.4-107 16.4-107 12.70107 9.10107 11.6 

u (Fe+) 0.0025 0.024 0.07 0.13 0.21 0.30 

0 lo7 9.2-107 23.5.107 39.8-107 56.8-107 17.0 

n(Mg+) 1.4-107 l0.9-lO7 20.7-107 22-107 17.8-107 13.107 13 

u ( ~ + )  0.0006 0.009 0.0 3 0.0 7 0.11 0.15 

4 0;) 0 O.l.107 5.8.107 19.2'107 34.9-107 52.107 20 
7 

n(Si"j 1.8.107 li.2-10: 20.2.107 20.7.107 16.4-107 12.1-107 12.7 

.(Si+) 0.0009 0.01 0.04 0.08 0.12 0.16 

do;) 0 0.2.107 6.5-107 20.107 35.8.107 52.9-107 19.4 

nco;, 0 1.60107 9-107 20.5010~ 37.107 53.3-107 x) 

Additional explanations for Table 14 
v: initial speed (in h/sec) 

vmin: Minimum of initial speed which is necessary to create ionization 

N ( E + ) :  Number of ions of element F',, per erg of initial energy 

(in km/sec) 

V(Z+) = n(-Ei,f) 

n(02) : Number of O+ ions created by collisions with atoms of 6 element, 

: Rate of ionization of 5 element 
+ 'F# E+) 

per erg 

-_^_ .. . _. . . . _. .. 
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GLOSSARY 

Right-angle c ross  sec t ion  of t h e  meteorite 

R a d i u s  of the right-angle c n s s  sectiorz 

Convex envelope of t h e  meteorite 

Speed of t h e  meteorite 

I n i t i a l  speed of  t h e  meteorite 

Speed a t  t h e  beginning of  t h e  meteor i te  vaporization 

Speed a t  t h e  end of t h e  meteorite v i s i b i l i t y  

1 Speed of r e f l ec t ed  a i r  molecules 

Speed’ 

Speed’ of t h e  molecules stripped from t h e  meteor i te  

Mass of t h e  meteorite 

Density of t h e  meteor i te  

Volume of t h e  meteorite 

Energy t r a n s f e r  coef f ic ien t  

Drag coe f f i c i en t  

Transparency coe f f i c i en t  

Overall  spec i f i c  energy of hea t ing  and vapor iza t ion  

Accommodation coef f icent  

Shape f a c t o r  of t h e  meteorite 

Coeff ic ien t  of thermal conductivity 

Coeff ic ien t  of thermometric conductivity 

Molecular energy of impact 

of molecules vaporized from t h e  meteor i te  

lRoot mean square speeds. 
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uO 

d 

m 

$2, 

P 

H 

x 
x . 9  

I 
Z 

TO 

Ehergy of s t r ipp ing  of  an atom 

Mean molecular diameter 

Mean molecuiar mass 

Mean molar mass of' a i r  

Spec i f ic  mass of air 

Referent ia l  he ight  of t h e  atmosphere 

Mean free pa th  

Zenith of t h e  meteor rad ian t  

Al t i tude  

Temperature 

Temperature of t h e  meteorite before e n t r y  i n t o  t h e  dense 
atmosphere 
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PHYSICS OF METEORS 

SUMMARY 

a&<@* r ) / F  6 
The present r epor t  reviews various papers on t h e  

phys ica l  theory  of meteors, and attempts t o  synthesize them 
f o r  app l i ca t ions  t o  rad io  meteors. 

In t roduct ion  

The physical theory of meteors involves t h e  desc r ip t ion  and ana lys i s  
of t h e  phenomena which take place both i n s i d e  of and i n  t h e  neighborhood 
of a meteor i te  during i t s  pa th  through t h e  atmosphere. The present study 
i s  presented i n  two par t s :  

(1) A f a i r l y  general  r epor t  of the processes which lead t o  t h e  f o r -  
mation of a luminous o r  ionized track; and 

(2) A note which concerns more p a r t i c u l a r l y  r ad io  meteorites,  and 
which leads t o  a f e w  r e l a t i o n s  which are necessary f o r  p r a c t i c a l  applica- 
t i o n s .  

I n  t h i s  f irst  report ,  t h e  phenomena are studied i n  t h e  order  by 

From t h e  macroscopic standpoint, most of t h e  
which they  n a t u r a l l y  occur: heating, melting and vaporization, ana l u m i -  
nos i ty  and ionization. 
parameters which are involved i n  t h e  explans t ion  of t h e  phenomena w e r e  
re ta ined  i n  t h e  formulas. Simplifying hypotheses have then made it pos- 
s i b l e  t o  reduce t h e  number of t hese  parameters t o  ob ta in  d i r e c t l y  usab le  
r e l a t i o n s .  These form t h e  top ic  of  t h e  previously mentioned second part. 

T h i s  app l i e s  t o  a body which does not break up i n  f l i g h t .  A f e w  
observations of luminous meteors do not seem t o  support ,  however, t h e  hy- 
pothes is  of a meteor i te  remaining compact during i t s  t r a j e c t o r y .  I n  t h i s  
case, we are l ed  t o  assume t h a t  t h e  meteor i te  has a s t r u c t u r e  which i s  
e a s i l y  pulverized, and t h a t  indeed it does break up i n t o  many p a r t i c l e s .  
The mean dens i ty  of t hese  agglomerations i s  not known wi th  precision. 
s h a l l  assume t h a t  t hese  reserva t ions  do not apply t o  r ad io  meteors. 

We 

1. Hypothesis on t h e  Meteorite 

To expla in  quan t i t a t ive ly  t h e  physics of meteors, it i s  necessary t o  
advance c e r t a i n  hypotheses on t h e  geometrical shape of t h e  meteorite.  W e  
have ava i l ab le  only very l i t t l e  information on t h i s  subject.  However, f o r  

i 


